Abstract-The cytoskeleton is formed by a network of protein filaments, including microtubules, actin filaments and intermediate filaments. Filaments permeate the entire cytoplasm; they are involved in maintaining the cell shape, they organize and anchor the organelles, they control the transport of various molecules, cell division and provide signal transduction. To implement these diverse and complex functions, the components of the cytoskeleton must be very dynamic and mobile, be able to rebuilt quickly and interact with each other. This is due to the presence of a large number of actin-binding proteins-nucleators, activators, inactivators of polymerization and depolymerization of actin filaments. This review describes the regulation of actin dynamics by the Arp2/3 complex. In the cell, this complex is in an inactive state. Its activation occurs after it's interaction with activators. Activators change the conformation and spatial arrangement of the domains of the Arp2/3 complex, providing its interaction with the monomeric and polymeric actin. Activators of the Arp2/3 complex have been known for a long time and include such proteins as WASp and WAVE. All activators possess a specific VCA domain, which is responsible for their binding to the Arp2/3 complex. The structure of the complex with bound activators has been studied using various physical-chemical methods. The inactivators of the complex only recently attracted specific attention of the investigators. At present, at least five different proteins are known to inactivate the Arp2/3 complex by binding to its various subunits. Examples of inactivators are coronin, Gmf and arpin. The structure of the Arp2/3 complex with inactivators was recently published and showed that despite their binding to different subunits of the complex, all inactivators transform the Arp2/3 complex into an "open" state, moving the actin-like Arp subunits apart from each other. Studies of the spatial organization of actin-binding proteins are necessary for understanding the patterns of interaction between them while providing the vital activity of the cell. These data can later be used in the search for new ligands to prevent metastasis of tumor cells.
The cytoskeleton is a dynamic structure of the cell, which maintains its shape, movement, adhesion, polarization, division, and facilitates the transport of organelles. The cytoskeleton is formed by a network of protein filaments, which differ in chemical composition, ultrastructure and functional properties, and are divided into three types: microtubules, intermediate filaments and actin filaments (microfilaments).
Actin filaments (F-actin) consist of two spirally twisted strands 6-8 nm thick, each formed by polymerized actin monomers (G-actin). F-actin polymerization starts with the assembly of three G-actin monomers into a trimer (a so-called "nucleus") and continues with the spontaneous binding of the ATPactin. Due to the high instability of G-actin trimers [1] , the formation of actin filaments is an extremely energetically unprofitable process, this is why in all eukaryotic and some prokaryotic pathogenic cells, specific nucleators which stabilize the nucleation process, are present. The following can be ascribed to the list of nucleators: the Arp2/3 complex, formins, as well as a large family of factors responsible for nucleation (Nucleation Promoting Factors, NPF): WASp, WAVE, Spire, Cobl, VopL/VopF, TARP and Lmod [2] . These molecules control the rate of polymerization, but also influence the structure of formed actin 1 The article was translated by the authors.
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Vol. networks. Actin filaments are polar: they possess a plus end (also called the "barbed" end), where the rapid binding of G-actin happens, and a minus-end (the "pointed" end), which grows slowly. The regulation of the actin cytoskeleton is supported by a large set of proteins that interact with F-actin filaments and/or the G-actin [3] . In the cell, various actin-binding proteins perform a variety of functions: thymosin β4 inhibits the assembly of the actin filament, profilin executes nucleotide replacement, converting the ADP-actin into the ATP-actin, and inhibits the elongation of the actin filament at the barbed end; cofilin acts in an opposite manner: inhibits the replacement of the nucleotide and provides nucleation. Capping proteins bind to the growing actin filament and block the polymerization; myosin family proteins use ATP hydrolysis to move along actin filaments, mostly towards the barbed end [4] .
Many actin-binding proteins in the cell exist in an autoinhibited form. Their activation occurs after interaction with the activators that alter the conformation and spatial arrangement of domains in the actin-binding proteins, ensuring their interaction with both the monomeric and polymeric actin.
THE ARP2/3 COMPLEX AND ITS ACTIVATION
Cell movement that occurs during inflammation, chemotaxis or metastases formation usually begins with the formation of lamellipodia. This process is controlled by a protein complex called Arp2/3. Alone, the Arp2/3 complex has a low affinity for actin nucleation, and is activated by WASp family proteins [5] . The Arp2/3 complex is formed by seven subunits: two actin-like (Arp2 and Arp3) and five additional: ARPC1 (p40), ARPC2 (p35/p34), ARPC3 (p21/p18), ARPC4 (p20/p19) and ARPC5 (p16/p15). The crystal structure of the full-length Arp2/3 complex was solved in 2001, with a resolution of 2Å [6] (Fig. 1a) . It demonstrated the structural homology between Arp2 and Arp3 subunits and a monomeric actin. Therefore, it was suggested that the interaction of these two subunits with and activator (WASp) can serve as a nucleation site. However, the analysis of the crystal structure did not explain how the nucleation is initiated, since the Arp2 and Arp3 subunits in the crystal structure were positioned too far from each other. Later, using single particle electron microscopy, it was shown that the Arp2/3 complex naturally fluctuates between open (inactive) and closed (active) conformation states ( Fig. 1b and d) before it binds to the side of the actin filament and stabilizes [7] . The Arp2/3 complex attaches to the existing (mother) filament and, in the presence of ATP, the activators and the pull of G-actin form a so-called "branch junction" (Fig. 1b) , initiating the growth of a daughter filament at an angle of 70° to the mother filament, thus forming a new barbed end for the planting of actin monomers and further elongation. Using electron tomography, Rouiller et al. performed the reconstruction of the branch junction [8] . Their study demonstrated that the Arp2/3 complex undergoes significant conformational changes to nucleate the daughter filament. Arp2 and Arp3 subunits pull closer, forming a pseudo-actin dimer, which serves as a platform for new actin monomers. ARPC2 and ARPC4 subunits form a heterodimer, which is responsible for the binding of the complex to the mother filament (Fig.  2a) . Altogether, five actin monomers from the mother filament interact with the Arp2/3 complex, including the two that interact with the ARPC2/ARPC4 heterodimer and undergo significant conformational changes. During the formation of the branch junction, all Arp2/3 complex subunits in one way or another interact with the mother filament. Their full area of contact is ~9000 Å 2 .
The activity of the Arp2/3 complex is regulated by NPFs, the activators that induce the active conformation to the complex, and inhibitors that transfer it into an inactive state. The Arp2 and Arp3 subunits have a low affinity for each other in the absence of NPFs [9] . The most studied activators, including WASp and WAVE (WASP-Family Verprolin homologous protein), bind both the Arp2/3 complex and the G-actin. This binding is mediated by the structural motif that is common for all known activators of the Arp2/3 complex-the VCA domain, which consists of three short sequences: the V-motif (a homolog of Verprolin, a prolin-rich actin-binding protein, also known as WH2, or the WASP Homolog), the C-motif (central), and the A-motif (acidic). The V-motif binds the G-actin, the C-motif binds both the G-actin and the Arp2/3 complex, the A-motif only binds the Arp2/3 complex [10] . Because of the affinity of the VC domain to the actin and of the CA domain to the Arp2/3 complex, the VCA domain interconnects the Arp2/3 complex with the first monomers of the daughter filament, thus stabilizing the nucleation site. It is assumed that the C-motif activates the Arp2/3 complex and then supplies the first actin monomer to the growing daughter filament [11] . A free VCA domain is unstructured, but it acquires a secondary structure upon contact with the Arp2/3 complex and/or with the mother filament [7, 8, 10, 12] . Therefore, the VCA-domain performs the following functions:
• induces the conformational changes in the Arp2/3 complex to draw its Arp2 and Arp3 subunits towards each other;
• increases the affinity of the Arp2/3 complex to the mother filament;
• captures the first monomers of the G-actin, thus initiating the growth of the daughter filament.
The functioning of VCA-domains is also regulated. WASP and WAVE complexes in the cell are autoinhibited. Only after activation by the Rac GTPase, the VCA motif of activators becomes available for binding to the Arp2/3 complex [13] .
To study the interactions of the Arp2/3 complex with VCA domains, a number of methods were implemented: SAXS, NMR spectroscopy, X-ray crystallography, domain cross-linking, etc. As a result, the following subunits of the Arp2/3 complex were identified to be responsible for binding VCA-domains: Arp2, Arp3, ARPC1, and ARPC3. Importantly, it has been shown that the Arp2/3 complex has two binding sites for VCA domains. Padrick and Rosen [13] , using labeling with Alexa488, revealed that the Arp2/3 complex can bind two VCA domains, while Ti et al. found that the Arp2/3 complex can simultaneously bind two isolated CA domains [14] . A recent study [15] demonstrated that the isolated VCA domains of various activators (N-WASP and WAVE2) bind to the Arp2/3 complex in a 2:1 ratio in the presence of G-actin.
These data are consistent with the fact that activators of the Arp2/3 complex may cluster on the cell membrane or bind to dimeric partner proteins [16, 17] . The simultaneous binding of two activators probably contributes to a more efficient activation of the Arp2/3 complex. Recent studies have shown that two different binding sites for VCA-domains are located on the Arp3 and Arp2/ARPC1 subunits; furthermore, the site on the Arp2/ARPC1 subunit has a greater impact on the Arp2/3 complex activation [13, 15, 18] .
INHIBITION OF THE ARP2/3 COMPLEX Most studied actin depolymerization factors from the ADF/cofilin family, such as cofilin, drebrin and Abp1, directly interact with actin filament and/or actin monomers. The direct interaction of the Arp2/3 complex with inactivators, which unlock the Arp2/3 complex from a closed (active) state to an open one (inactive), has not been studied until recently. Various inactivators interact with different subunits of the complex (Fig. 2b-e) . For instance, the p35/ARPC2 subunit relays activation signals to other subunits of the Arp2/3 complex. Mutations in the p35/ARPC2-subunit can cause inhibition of the Arp2/3 complex [7] . Сoronin, an Arp2/3 complex inhibitor, binds near this subunit and shifts the molecules to which it is bound into an open (inactive) conformation (Fig. 2b ) [7, 18] . It has been suggested that signals are transmitted through a long C-terminal helix of p35/ARPC2 that reaches Arp2. Coronins are a highly conserved proteins that bind the F-actin and interact with microtubules [19] . They belong to the family of proteins that contain a WD-repeat. A WD-repeat is a structural motif of about 40-60 amino acids that ends with a tryptophan (W) and an aspartate (D). Seven isoforms of coronin are known, of which two are well-studied: 1A and 1B. The main function of coronin is to regulate cell motility. It was shown that coronin 1A knockdown in mice leads to an impaired immune response [20] . Coronin 1B regulates the formation of lamellipodia and the motility of the cell. It is responsible for the dissociation of actin filaments and inactivation of the Arp2/3 complex. Its function counterpoises the function of the cortactin, which stabilizes the branched actin filaments [21] . Other known inhibitors of the Arp2/3 complex, such as Pick1 and Gadkin, mimic the acidic motif of the VCA domain and thus become its direct competitors for binding to the Arp2/3 complex [22] .
GMF (Glia Maturation Factor), a regulator of the Arp2/3 complex, operates in a similar manner. It has a homology with the central motif of the VCA domain. GMF is a highly conserved protein with a molecular mass of 18 kDa, it belongs to the ADP family, and causes the debranshing of the daughter filament from the mother filament. Unlike other proteins of the ADP/cofilin family, GMF prevents actin binding to the Arp2/3 complex. Analysis of the crystal structure of the Arp2/3 complex with bound GMF demonstrated that a binding site with high affinity for GMF is located near the Arp2 subunit (Fig. 2с) [23] . However, in addition to this standard open conformation, the binding of GMF also induced a new open conformation of the Arp2/3 complex with a significant shift of the ARPC3 subunit towards the Arp3 (Fig. 2e) [18] . Thus, cross-linking experiments, single particle electron microscopy and molecular modeling indicated the presence of a second GMF binding site on the Arp3 subunit with a lower affinity to GMF [24] .
The newly discovered inactivator of the Arp2/3 complex-arpin, a conserved protein with a molecular mass of about 25 kDa, is synthesized in lamellipodia. Unlike the above-mentioned inactivators, arpin does not have V-and C-motifs and binds to the Arp2/3 complex through its C-terminal A-motif. It is assumed that arpin controls the direction of cell migration [25] . It has been shown that the knockout of arpin in cells leads to an acceleration of their migration rate and [25] . Using single particle electron microscopy and molecular modeling, two arpin binding sites have been found that are located at the Arp3 subunit and near the Arp2 subunit (Fig. 2d) [18, 26] . The presence of two arpin binding sites is consistent with the presence of two binding sites for VCA domains. It is interesting to note, that different inactivators with completely unlike structures induce the same conformational changes to the Arp2/3 complex [7, 18, 24] . Binding of activators and inhibitors significantly changes the conformation of the Arp2/3 complex [7, 10, 18] , thus allowing to precisely control its activity.
In conclusion, it should be noted that modifications of the cytoskeleton are considered to be one of the most important signs of tumor cell transformation. Changes in actin filaments, specifically, are directly associated with the ability of cancer cells to increase their motility and metastasis. There are evidence that, during tumor cell transformation, changes in the expression of genes which encode several actin-binding proteins occur, whos existence correlates with the ability of cells for invasive growth and metastasis [27] . Thus, molecules that control actin cytoskeleton dynamics may carry a greater diagnostic value [28] . In particular, Arp2/3 complex inactivators can be used to regulate and prevent the migration and metastasis of tumor cells.
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